Enantiomerically pure C 1 and C 2 -symmetric bidentate N,N-and N,P-ligands are accessible from (+)-camphor in good yields (60-90%). Modified syntheses of precursors 1 and 2 are disclosed as well as the crystal structures of three hydroxy-pyrazoline intermediates. Ligands 3, 4, 6, and 11 were fully characterized including an X-ray crystal structure of C 2 -symmetric 6, which showed an E-configuration in the solid state. These ligands form complexes with Ni(II), Pd(II), and Rh(I) in good yields (84-96%); the X-ray crystal structures of complexes 12, 14, and 16 confirmed the bidentate coordination modes of ligands 4, 6, and 11 and distorted tetrahedral [for Ni(II)] and square planar [for Rh(I)] coordination geometries. Furthermore, the structure of the Rh(I) complex 16 revealed the presence of a Ph 2 PCl ligand, which, along with spectroscopic data, is proof of an almost quantitative P-N bond cleavage upon coordination of ligand 11 to [RhCl(COD)] 2 .
Introduction
The design and synthesis of new chiral ligands and complexes play an important role in the development of asymmetric catalysis. For over three decades, camphor has been used as an easily modifiable and inexpensive building block from the chiral pool for the synthesis of C 1 , C 2 , and C 3 symmetric ligands. 1 In particular, More recently, Trapp et al. prepared bipyrazole-camphor derived C 2 -symmetric ligands for Pd-catalyzed Wacker oxidations and alkene isomerizations. 4 In contrast, camphor-derived P,N-ligands 5 are less common even though chiral P,N-ligands such as QUINAP 6 are widely used in asymmetric catalysis. 7 The success of such ligands in asymmetric catalysis is in part due to the hemilability of the N function and in part to the synergism between the soft, p-accepting P donor that stabilizes low-valent metal centers, and the hard N-r-donor that renders the metal more susceptible to oxidative addition reactions. This combination not only stabilizes intermediate oxidation states during a catalytic cycle, but the electronic dissymmetry also provides stereocontrol due to its ability to distinguish the trans-influences of the P and N donors (see Chart 1) . 
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Tetrahedron: Asymmetry j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / t e t a s y Herein we report the syntheses of new camphopyrazole-based N,N-ligands with C 1 and C 2 symmetry and a P-N-ligand that resembles QUINAP electronically and in its bite angle. Along these multistep syntheses several intermediates are characterized fully for the first time. We also show that the new ligands form bidentate coordination compounds with Ni(II), Pd(II), and Rh(I), to afford chiral complexes with catalytic potential. 8 We also disclose a mild and selective P-N bond activation that takes place upon coordination of the P,N-ligand 11 to a Rh(I) chloride precursor.
Syntheses and structures of intermediates and ligands
Ligands 3, 4, 6, and 11 were prepared starting from (+)-camphor according to Scheme 1. Compound 1 9 was obtained in good yield by a modified procedure that minimized the formation of by-products. 10 The X-ray crystal structure of 1 is depicted in Figure 1 and shows the two molecules of the asymmetric unit, which are linked via non-centrosymmetric hydrogen bonds between carboxylic acid groups. While the carboxylic acid functions are approximately coplanar with the pyrazole rings, the phenyl rings are not: the N1-N2-C5-C10 and N3-N4-C23-C24 torsion angles are À47.8 (7)°a nd 36.6(7)°, respectively. Acyl chloride 2 was obtained in good yield by refluxing 1 in SOCl 2 and recrystallizing the crude product from heptane, 11 and ligand 3 was obtained in acceptable yield by reacting the corresponding pyrazole with 2 in the presence of NEt 3 . For ligand 4, in contrast, it was necessary to first generate the sodium 3,5-di-tertbutyl-pyrazolate anion in situ in order to ensure sufficient reactivity with 2. The reaction is favored by the formation of NaCl and yields up to 66% of 4. Characteristic 1 H NMR resonances of 2, 3 and 4 corresponding to the bridgehead protons were found at 3.21 ppm, 2.90 ppm, and 2.77 ppm, respectively, and the corresponding 13 C resonances of the carbonyl groups were all similar at around 162-163 ppm. A modified procedure allowed us to isolate compound 5 12 on a 30-g scale in good yields and excellent purity. Our method is characterized by an easier purification step that affords a product with a significantly higher and sharper melting point (228-230°C vs 178-186°C). 4 Finally, the C 2 -symmetric ligand 6 was isolated in very good yield after acid-catalyzed condensation of phenyl hydrazine with 5 in refluxing ethanol. Its precise molecular structure was determined by single crystal X-ray diffraction analysis. Figure 2 shows the approximate C 2 point symmetry and E configuration of the free ligand 6, characterized by a N2-C1-C18-N4 torsion angle of 175.5(5)°. The dihedral angles between the pyrazole rings and phenyl groups may conveniently be approximated by the N2-N1-C12-C13 and N4-N3-C30-C31 torsion angles, which are À136.8(5)°and À49.2(7)°, respectively. The hydrated pyrazole 7 was prepared in almost quantitative yield. Its molecular structure was established by single crystal Xray crystallography and confirmed three important features (see (ii) a preference for the diketo tautomer; and (iii) the presence of a hydro-hydroxy pyrazole ring. The attempted condensation of diketone 7 with a hydrazine sulfate only lead to the dehydration and tautomerization of 7 to afford the keto-enol pyrazole 8. Its crystal structure again showed a trans-configuration of the C17-C18 bond and the camphor units (Fig. 4) . Our target molecule 10 could not be obtained by condensation of hydrazine with 8 under various conditions, but the condensation of 7 with hydrazine produced 9, which was dehydrated in refluxing THF in the presence of HCl to afford 10 in very good yields. The X-ray crystal structure of 9 ( Fig. 5) , which crystallized as a hemihydrate, revealed two interesting features: it maintains the hydrated phenyl substituted pyrazole ring, and the presence of the second H-substituted pyrazole ring forces a cis-configuration of the molecule, probably due to the Hbonding to N2. Finally, the in situ deprotonation of 10 with LDA at À28°C, followed by reaction with PPh 2 Cl and washing with hexane afforded the P-N-ligand 11 as a white powder in good yield. The
31
P NMR spectrum showed a singlet at 45.9 ppm that remained unchanged after heating at 45°C for 2 h. 13 The structure of 11 was confirmed in a Rh complex (vide infra). H NMR spectrum shows a slight but characteristically low frequency shift of 0.05 ppm of the bridge-head protons when compared to the free ligand.
One of the two symmetry independent molecules of 12 is depicted in Figure 6 . In both of them the tetrahedral coordination geometry is distorted due to the small bite angle of the ligand of around 90°, which is compensated by an increase of the Br-NiBr angles to about 125°. In both molecules, the ligand is coordinated to the nickel atom through the available N atoms forming a six-membered planar chelation ring. The Ni-N and Ni-Br bond distances in 12 are slightly shorter than those observed in similar nickel complexes with six-membered chelate rings. 16, 17 The dihedral angles between the pyrazole rings and phenyl groups may be conveniently approximated by the N1-N2-C13-C14 and N7-N8-C36-C37 torsion angles, which are 66.6(13)°and À65.8(9)°, respectively. Complex 14 also crystallized with two independent molecules in the asymmetric unit representing the same enantiomer but with a different orientation of the phenyl rings (Fig. 7) . One of the bromine atoms in each of the independent molecules was disordered to a small extent. Two alternative orientations were refined for each molecule resulting in site occupancies of 0.949 (2) nickel dibromide Schiff-base complexes with five-membered chelate rings. 14, 16 The N1-C3-C4-N3 torsion angle of the backbone is 2.5(5)°(6.9(5)°for the other independent molecule). The dihedral angles between the planes described by the phenyl groups and pyrazole rings are around 50°(see the corresponding torsion angles in the caption to Figure 7 ; for the second molecule the values are 41.0(5)°and 54.9(5)°). Finally, two equivalents of ligand 11 were added dropwise to a slurry of [RhCl(COD)] 2 (COD = 1,5-cyclooctadiene) in benzene according to Eq. 1. After washing the crude product with hexane, an orange powder was isolated in good yield. The 31 P NMR spectrum showed two doublets of doublets centered at d = 100.7 ppm (J PRh = 195.0 Hz, J PP 0 = J P 0 P = 41.2 Hz) and 130.7 ppm (J PRh = 222.6 Hz, J PP 0 = J P 0 P = 40.2 Hz). This suggested the presence of a Rh center bonded to two different P atoms, and the magnitude of the J PP 0 and J P 0 P coupling constants indicated a cis-isomer. This unexpected bonding situation was then elucidated by X-ray crystal structure analysis, which revealed the presence of a PPh 2 Cl ligand in complex 16 (Fig. 8) . 
The asymmetric unit contains two independent molecules of 16 with the same ligand chirality. The compound crystallized with one molecule of CH 2 Cl 2 per formula unit. Both showed distorted square planar coordination environments around the Rh atom and are linked by a slipped p-p stacking interaction between the phenyl groups attached to atoms P1 and P3. The distance between the centroids of the phenyl rings of 4.012(4) Å lies within the values reported for this type of interaction (3.0-4.6 Å). 20 Ligand 11 is indeed a bidentate that forms a six membered chelate ring in a distorted envelope conformation, with Rh being the envelope flap atom: Rh1 is 0.94(5) Å from the mean plane defined by atoms P1, N3, C4, C3 and N1 (rms deviation of 0.0352 Å) and Rh2 is 1.04 (5) Å from the plane defined by atoms N5, C55, C56, N7, and P3 (rms deviation 0.047 Å). This conformation is helped by the fact that all of the N atoms are almost perfectly trigonal planar, while the pseudo tetrahedral P1 atom pushes the Rh center out of plane. As anticipated by NMR spectroscopy, the other P ligand is in a cis position and turned out to be chlorodiphenylphosphine. The fact that the cis-isomer is observed exclusively may be rationalized by the above mentioned strongly directing trans-influence exerted by the P,N-ligands. The chlorine atom Cl2 of the PPh 2 Cl ligand stands roughly anti to the chloride ligand Cl1 with a Cl1-Rh1-P2-Cl2 torsion angle of À159.03(5)°(156.81(5)°for the second molecule). The Rh-N, Rh-P and Rh-Cl bond lengths lie within the expected values. 21 The N1-C3-C4-N3 and N5-C55-C56-N7 torsion angles in the bis-pyrazole moieties of the two molecules measure 14.9(5)°and 17.1(4)°, respectively, and are much smaller than the value of 65°seen in QUINAP. 
Conclusion
Enantiomerically pure (+)-camphor-derived building blocks and C 1 -and C 2 -symmetric N,N-and N,P-ligands are readily accessible in gram quantities and good yields. Important intermediates, notably hydroxypyrazolines, can also be isolated in good yields. The X-ray crystal structures of the free ligands and their Ni(II) complexes confirmed the expected coordination modes and geometries. The P,N-ligand 11 proved to possess a reactive P-N bond with respect to [RhCl(COD)] 2 , which is readily cleaved in the presence of the Rh(I)-Cl function. The structural evidence of this reactivity indicates that phosphine ligands with pyrazolyl-or imidazolyl-P-N bonds are not compatible with metal-halogenide precursors, and that non-halogen counter anions should be employed in order to avoid P-N activation. Complexes 12-16 are being tested as homogeneous catalysts in different organic transformations and the results will be reported in due course.
Experimental

General
All reactions with air-sensitive compounds were carried out under anaerobic and anhydrous conditions, using standard Schlenk and glove box techniques. THF and Et 2 O were distilled under nitrogen from purple Na/Ph 2 CO solutions; pentane and hexanes from Na 2 K alloy; CH 2 Cl 2 from CaH 2 . NMR spectra were recorded on a Jeol 400 MHz spectrometer. Optical rotations were measured on a Perkin-Elmer 241 polarimeter, and values of c are in g/100 mL. Elemental analyses were performed at IVIC, samples were handled in air, and hygroscopic compounds are corrected for water content. Melting points were measured in sealed capillary tubes and are uncorrected. Commercial NaH as 60% w/w dispersion in mineral oil was used as received. Ethyl formate was dried over CaH 2 , fractionally distilled, and kept over activated MS 4 Å. Ethyl camphor-oxalate, 9 camphoroxalic acid, 9 and the mixture was stirred for 15 min. A solution of phenylhydrazine (6.45 g, 59.6 mmol) in ethanol (30 mL) was then added dropwise and the mixture heated at reflux overnight. The solvent was evaporated and the crude product dissolved in 3.0 M KOH (500 mL). The mixture was filtered and the filtrate acidified with 3.0 M HCl to precipitate the product, which was filtered off and dried in vacuo. Recrystallization from dichloromethane-hexane (1:1) and HV-drying afforded a yellow solid (7. 95 g, 70%) . At first, Na (0.23 g, 10 mmol) was added to a solution of 3,5-diterbutylpirazole (1.05 g, 5.84 mmol) in THF (40 mL) and stirred at RT for 18 h. The mixture was then filtered and added to a solution of 2 (1.50 g, 4.76 mmol) in THF (15 mL) and stirred at RT for 10 h. After evaporating the solvent under vacuum, the crude product was dissolved in heptane (30 mL), filtered, and the solvent removed under vacuum to afford a beige powder (1.44 g, 66%) . A mixture of (+)-camphor (36.5 g, 0.240 mmol) and diethyl oxalate (15.9 g, 0.109 mmol) in THF (300 mL) was added to a slurry of NaH (21.5 g, 60% dispersion in mineral oil, 0.54 mmol) in THF (100 mL). The mixture was refluxed for 48 h, after which the solvent was removed by rotary evaporation. The reaction crude was added to an ice/HCl mixture and extracted with chloroform (3 Â 50 mL). The organic layer was dried over MgSO 4 , filtered, and stripped to a yellow oil. Slurrying and washing with MeOH (3 Â 50 mL) yielded 29 
(4S,
7R)-7,8,8-Trimethyl-4,5,6,7-tetrahydro-4,7-methano-1-phenyl-indazol-3-carbonyl chloride 2 Compound 1 (1.00 g, 3.37 mmol) was dissolved in SOCl 2 (10 mL) and heated at reflux for 3 h. After this time, excess SOCl 2 was evaporated under vacuum and the residue recrystallized from a dichloromethane-hexane mixture (1:5). Drying in vacuo for 4 h afforded 0
(+)-3,3
At first, HCl (12.0 M, 1.0 mL) was added dropwise to a solution of 5 (1.68 g, 4.69 mmol) in ethanol (30 mL). After stirring for 15 min, a solution of phenyl-hydrazine (1.52 g, 14.0 mmol) in ethanol (20 mL) was added dropwise and the resulting mixture refluxed for 24 h. The solvent was then removed by filtration and the white solid dried in vacuo (1.74 g, 89% 
(+)-
Acetic acid (0.5 mL) was added dropwise to a solution of 5 (4.50 g, 12.5 mmol) in EtOH (80.0 mL) and allowed to react for 15 min. A solution of phenyl hydrazine (1.36 g, 12.5 mmol) in EtOH (20.0 mL) was then added dropwise to the above mixture and refluxed overnight. The solid crude product was isolated by filtration, and recrystallization from methanol at low temperature (À10°C) followed by HV drying yielded a yellow powder (5.33 g, 95% 
Hydrazine sulfate (600 mg, 4.61 mmol) and 7 (2.06 g, 4.60 mmol) were dissolved in EtOH and the mixture refluxed overnight. After this time, the precipitate was separated by filtration and dried in vacuo (1.05 g, 53%). Elemental analysis calculated for C 28 
At first, AcOH (0.50 mL) was added dropwise to a solution of 7 (1.85 g, 4.30 mmol) in EtOH (80.0 mL) and allowed to react for 15 min. A solution of hydrazine hydrate (5.15 g, 160 mmol) in EtOH (20.0 mL) was then added dropwise and the resulting mixture was refluxed overnight. After this time, the precipitate was separated by filtration and purified by column chromatography (Merck G60, CH 2 Cl 2 ) to afford a white solid (0.95 g, 52% 
Aqueous HCl (12.0 M, 0.50 mL) (0.50 mL) was added dropwise to a solution of 9 (2.50 g, 5.62 mmol) in THF (50.0 mL). The mixture was refluxed overnight. After this time, the solution was washed with saturated aqueous Na 2 CO 3 , the organic layer decanted off, dried over MgSO 4 , filtered, and evaporated to an off-white solid (2.04 g, 85% 
A cooled solution (À28°C) of LDA (100.9 mg, 0.9418 mmol) in THF (5 mL) was added dropwise over 15 min. to a cooled solution (À28°C) of 10 (400.8 mg, 0.9395 mmol) in THF (10 mL). The resulting dark yellow solution was allowed to warm to RT and was stirred for 2 h. The volatiles were then removed in vacuo to afford a beige powder that was redissolved in fresh THF (10 mL) and added dropwise over 10 min to a solution of PPh 2 Cl (207.4 mg, 0.9400 mmol) in THF (3 mL). The resulting pale yellow cloudy solution was stirred for 6 h and then evaporated to dryness. The resulting solid was extracted with toluene (10 mL, GF/B filtration). The clear solution was stripped under vacuum to a yellowish solid, which was washed and slurried with hexane (3 Â 10 mL) and HV-dried to afford 500.1 mg (87%) of a white powder. 
General protocol for the preparation of nickel complexes
A 0.1 M solution of ligand in THF was added slowly to a stirred 0.1 M suspension of the metal halide solvate in THF and the reaction mixture was stirred at room temperature for 18 h. The resulting precipitate was separated from the supernatant solution by decantation, washed with several portions of hexane, and dried in vacuo for 4 h.
[NiBr 2 (3)] 12
Ligand 3 (325 mg, 0.84 mmol) and NiBr 2 (THF) 2 (296 mg, 0.82 mmol). Recrystallized from THF-hexane mixture (1:1 
Crystal structure determinations
The measurements for 1, 6, 7, and 12 were made on a Rigaku AFC-7 diffractometer equipped with a Mercury CCD area-detector using graphite-monochromated Mo Ka radiation (k = 0.71073 Å). The intensities were corrected for Lorentz and polarization effects, and an absorption correction based on the multi-scan method was applied by using CrystalClear. 25 The space group was uniquely determined by the systematic absences. Equivalent reflections were merged. The data for compounds 8 and 14 were collected on a Bruker-Nonius KappaCCD area-detector diffractometer 26 using graphite-monochromated Mo Ka radiation, and data reduction was performed with EvalCCD. 27 The data for compound 16 were collected on a Bruker Kappa APEX 2 IlS Duo diffractometer 28 using
Mo Ka radiation with QUAZAR focussing Montel optics and APEX2
28
for data reduction. The measurements for compound 9 were conducted on an Oxford Diffraction SuperNova area-detector diffractometer using Mo Ka radiation and an Oxford Instruments Cryojet cooler, and data reduction was performed with CrysAlisPro. 29 All of the structures were solved by direct methods using SHELXS-97, 30 SHELXS-2013 30 or SHELXTL 31 and the non-hydrogen atoms were refined anisotropically. All refinements were carried out using SHELXL-97, 30 SHELXL-20 32 or SHELXTL. 31 The data collection and refinement parameters are given in Table 1 . The asymmetric unit of 1 and 7 contains two crystallographic independent molecules of the same enantiomer. In compound 1, the acidic protons HO1 and HO3 were located from a difference Fourier map, which were included by restrains in the O-H distances. Compound 8 crystallized with two independent molecules in the asymmetric unit representing the same enantiomer. H atoms were treated as follows: The positions of the two O-bound H atoms H01O1 and H03O3 were taken from a difference Fourier synthesis and refined. Structure 12 crystallized with two independent metal complexes and two THF molecules in the asymmetric unit. Both solvent molecules were found to be disordered over two sets of positions, which were included by restrains in the C-C and C-O distances and complementary occupancies of 63:37 and 57:43, 
